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(54) Light emitting diodes with graded composition active regions 



(57) A light emitting device in accordance with an 
embodiment of the present invention includes a first 
semiconductor layer of a first conductivity type having a 
first surface, and an active region formed overlying the 
first semiconductor layer. The active region includes a 
second semiconductor layer which is either a quantum 



well layer or a barrier layer. The second semiconductor 
layer is formed from a semiconductor alloy having a 
composition graded in a direction substantially perpen- 
dicular to the first surface of the first semiconductor lay- 
er. The light emitting device also includes a third semi- 
conductor layer of a second conductivity type formed 
overlying the active region. 
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Description 

[0001] The present invention relates generally to 
semiconductor light emitting devices and more particu- 
larly to improving the light output of the active region In 
light emitting devices. 

[0002] Ill-Nitride light emitting devices are based on 
semiconducting alloys of nitrogen with elements from 
group III of the periodic table. Examples of such Ill-Ni- 
tride devices include In^lyGa^.yN light emitting diodes 
(LEDs) and laser diodes (LDs). 

[0003] The active regions of In^lyGa^yN LEDs and 
LDs typically include one or more ln x Al y Ga.,. x _ y N quan- 
tum well and barrier layers. These layers typically have 
alloy compositions which differ from each other and dif- 
fer from the surrounding layers in the device. As a con- 
sequence of these composition differences, the layers 
in the active region of an In^lyGa^^yN light emitting 
device are typically biaxially strained. It should be noted 
that in the notation I^AIyGa^yN, 0 < x <1 , 0 < y <1 , 
and x + y < 1 . 

[0004] KAIyGa^.yN crystals such as those from 
which InxAlyGa^.yN light emitting devices are formed 
typically adopt either the wurtzite orthe zinc blende crys- 
tal structure. Both of these crystal structures are piezo- 
electric. That is, both develop an internal electric field 
when stressed. In addition, the low symmetry of the wur- 
tzite crystal structure produces a spontaneous polariza- 
tion. As a result of their biaxial strain and of the piezoe- 
lectric nature of In/JyGa^.yN, and as a result of the 
spontaneous polarization (when present), the quantum 
well layers and barrier layers in an 1n x Al y Ga 1 . x . y N light 
emitting device typically experience strong internal elec- 
tric fields even when the device is unbiased. 
[0005] For example, Figure 1 shows a schematic 
band structure diagram for a portion of an unbiased prior 
art I^AIyGa^yN LED active region including GaN bar- 
rier layer 2, I^Ga^N quantum well layer 4, and GaN 
barrier layer 6. The two horizontal axes in Figure 1 rep- 
resent position in the active region in a direction perpen- 
dicular to the layers. The interfaces between the layers 
are indicated by dashed lines. The lower vertical axis 
represents the energy of the conduction band edge 8 
and of the valence band edge 10 in the various layers. 
The upper vertical axis represents the concentration of 
indium in the alloys from which the various layers are 
formed. Layers 2, 4, and 6 are of wurtzite crystal struc- 
ture with the c-axis of the crystal substantially perpen- 
dicular to the layers and directed from layer 2 toward 
layer 6. In the prior art active region, the mole fraction 
of indium is constant across the width of quantum well 
layer 4. 

[0006] In the absence of a spontaneous polarization, 
piezoelectric fields, and an externally applied bias, the 
conduction band edge 8 and valence band edge 10 
would be nominally flat within each layer. In the band 
structure depicted in Figure 1 , however, piezoelectric 
fields have tilted the band edges. This tilting adversely 



affects the performance of a light emitting device includ- 
ing the illustrated active region. As a result of this tilting, 
for example, the electron wave function 1 2 and the hole 
wave function 14 are concentrated on opposite sides of 
s ln x Ga Vx N quantum well 4. The spatial overlap of these 
wave functions is therefore reduced by the piezoelectric 
field, leading to a decrease in the probabilities of spon- 
taneous and stimulated emission of light from the active 
region and an increase in the probability that electrons 
10 and holes injected into the active region will relax non- 
radiatively or leak out of the active region. Hence, the 
piezoelectric field decreases the operating efficiency of 
ln x ALGa Vx . y N LEDs and the optical gain in 
ln x Al y Ga 1 . x „ y N LDs. Consequently, the piezoelectric 
15 field makes high brightness l^AlyGa^.yN LEDs and 
low threshold l^AlyGa^.yN LDs difficult to achieve. 
[0007] Another consequence of the piezoelectric field 
* in ln x AlyGa 10< _yN light emitting devices is a reduction of 
the emission energy. Charge injected during operation 
20 of the device partially screens the piezoelectric field, 
however, and results in an increase of the emission en- 
ergy as the carrier density in the quantum well layer is 
increased. In high-indium-content quantum well layers 
this shift can result in drastic color changes with varia- 
25 tion in injection current. 

[0008] What is needed is an I^AIyGa^yN light emit- 
ting device in which the problems associated with the 
internal piezoelectric field have been overcome. 
[0009] A light emitting device in accordance with an 
30 embodiment of the present invention includes a first 
semiconductor layer of a first conductivity type having a 
first surface, and an active region formed overlying the 
first semiconductor layer. The active region includes a 
second semiconductor layer which is either a quantum 
35 well layer or a barrier layer. The second semiconductor 
layer is formed from a Ill-Nitride semiconductor alloy 
having a composition graded in a direction substantially 
perpendicular to the first surface of the first semiconduc- 
tor layer. The light emitting device also includes a third 
40 semiconductor layer of a second conductivity type 
formed overlying the active region. 
[0010] The second semiconductor layer may be pie- 
zoelectric and of, for example, wurtzite crystal structure, 
in one implementation, a mole fraction of the Ill-Nitride 
45 semiconductor alloy is graded in an asymmetric manner 
such as, for example, linearly. The composition of the 
II l-Nitride semiconductor alloy may be graded to reduce 
the effect of a piezoelectric field in the active region. In 
one implementation, the Ill-Nitride semiconductor alloy 
so is ln x AlyGa 10( _ y N and the mole fraction of indium is grad- 
ed. In another implementation, the Ill-Nitride semicon- 
ductor alloy is ln x Al y Ga 10< _ y N and the mole fraction of 
aluminum is graded. 

[0011] In one embodiment, the active region includes 
55 a plurality of quantum well layers and at least one barrier 
layer. The barrier layer is formed from a Ill-Nitride sem- 
iconductor alloy having an indium mole fraction graded 
in a direction substantially perpendicular to the first sur- 
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face of the first semiconductor layer. In one implemen- 
tation, the Ill-Nitride semiconductor alloy is 
lnxAlyGa.j_x.ylM. The indium mole fraction in the barrier 
layer may be graded in an asymmetric manner such as 
linearly, for example, and may be graded to reduce the 
effect of a piezoelectric field in the active region. The 
barrier layer may be one of a plurality of barrier layers 
included in the active region and each formed from a 
Ill-Nitride semiconductor alloy having an indium mole 
fraction graded in a direction substantially perpendicular 
to the first surface of the first semiconductor layer. 
[0012] Advantageously, the separation of electrons 
and holes induced by piezoelectric fields in the active 
regions of prior art light emitting devices is substantially 
reduced in light emitting devices in accordance with sev- 
eral embodiments of the present invention. Also, in 
some embodiments the voltage required to drive the 
light emitting device is reduced. Hence, light emitting de- 
vices in accordance with some embodiments of the 
present invention are more efficient than prior art devic- 
es. In addition, in some embodiments the emission 
wavelength of the light emitting device does not sub- 
stantially blue shift as the carrier density in the active 
region is increased. 



Fig. 1 is a schematic illustration of a band structure 
for a portion of a prior art ln x AI Ga Vx N light emit- 
ting device. 

Fig. 2 is a schematic diagram of an ln x Al y Ga 1-x N 
LED in accordance with an embodiment of the 
present invention. 

Fig. 3 is a schematic diagram of the active region 
of the ln x Al y Ga 1oc _ y N LED of Figure 2 in accordance 
with one embodiment of the present invention. 
Fig. 4 is a schematic illustration of a band structure 
for a portion of one embodiment of the active region 
shown in Figure 3. 

Fig. 5A is a simulated band structure for a portion 
of a prior art I^AIyGa^.yN light emitting device. 
Fig. 5B is a simulated band structure for a portion 
of one embodiment of the active region shown in 
Figure 3. 

Fig. 6 is a schematic illustration of a band structure 
for a portion of another embodiment of the active 
region shown in Figure 3. 

Fig. 7 is a simulated band structure for another por- 
tion of a prior art In^lyGa^ x . y N light emitting de- 
vice. 

Fig. 8 is a schematic diagram of the active region 
of the Ir^AlyGa^N LED of Figure 2 in accordance 
with another embodiment of the present invention. 
Fig. 9 is a simulated band structure for an embodi- 
ment of the ln x Ai y Ga.,. x _ y N LED of Figure 2 including 
the active region of Figure 8. 

[0013] It should be noted that the dimensions in the 
various figures are not necessarily to scale. Like refer- 
ence numbers in the various figures denote same parts 



in the various embodiments. 

[0014] In accordance with embodiments of the 
present invention, the active region of a semiconductor 
light emitting device includes a semiconductor alloy with 
5 a graded composition. Several embodiments will be de- 
scribed in which the active region includes one or more 
graded composition quantum well layers and/or one or 
more graded composition barrier layers. 
[0015] Referring to Figure 2, in one embodiment an 
10 InxAlyGa^.yN based LED 1 6 includes a multilayered 
epitaxial structure 18 disposed on a buffer layer 20, 
which in turn is disposed on sapphire substrate 22. Epi- 
taxial structure 1 8 includes active region 24 disposed 
between p-type upper In.AlyGa^.ylM region 26 and low- 
15 er m^Ga^N region 28. ln x Al y G ai . x .yN region 28 in- 
cludes n-type and/or undoped InxAlyGa^^N layers. Ac- 
tive region 24 includes one or more quantum well layers 
and one or more barrier layers formed from 
,n x A V Ga i-x- y N. Ohmic p-contact 30 and metallic layer 
20 32 are electrically coupled to each other and to upper 
ln x A!yGa.,_ x _yN region 26. Ohmic n-contact 34 is electri- 
cally coupled to lower In^lyGa^N region 28. Appli- 
cation of a suitable forward bias across contacts 30 and 
34 results in emission of light from active region 24. 
25 [0016] Referring to Figure 3, in one embodiment ac- 
tive region 24 includes ln x G ai . x N quantum well layers 
36, 40, and 44, and GaN barrier layers 38, 42, and 46, 
with quantum well layer 36 located closest to sapphire 
substrate layer 22 (Figure 2). Quantum well layers 36 
30 40, and 44 are about 1 0 Angstroms (A) to about 1 00 A 
(typically about 30 A) thick. Barrier layers 38, 42, and 
44 are about 25 A to about 500 A (typically about 100 
A) thick. Although Figure 3 shows three quantum well 
layers and three barrier layers, other embodiments in- 
35 dude either more or fewer such quantum well and bar- 
rier layers. 

[0017] In one embodiment, the mole fraction of indium 
(subscript x in ln x G ai . x N) in one or more of quantum 
well layers 36, 40, and 44 is graded to decrease with 

40 distance from the substrate. For example, the mole frac- 
tion of indium in quantum well layer 40 may decrease 
from a first value near the interface between quantum 
well layer 40 and barrier layer 38 to a second value near 
the interface between quantum well layer 40 and barrier 

4 5 layer 42. Typically, the compositions of each of quantum 
well layers 36, 40, and 44 are similarly graded. 
[0018] The band gap of ^Ga^N decreases as the 
mole fraction of indium increases. In the absence of 
electric fields such as piezoelectric fields, for example, 

50 a graded indium concentration which decreases 
through a quantum well with distance from the substrate 
results in a graded band gap in the quantum well which 
increases with distance from the substrate. In such a 
case the conduction band edge energy in the quantum 

55 well would increase with distance from the substrate, 
and the valence band edge energy in the quantum well 
would decrease with distance from the substrate. Typi- 
cally, however, epitaxial structure 18 has a (piezoelec- 
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trie) wurtzite crystal structure with its c-axis oriented 
substantially perpendicular to and directed away from 
sapphire substrate 22. Hence, piezoelectric fields are 
typically present in quantum wells 36, 40, and 44. 
[0019] Advantageously, a graded Indium concentra- s 
tion which decreases through a Ir^Ga^N quantum well 
with distance from the substrate (that is, decreases in a 
direction substantially parallel to the wurtzite crystal c- 
axis) at least partially cancels the effect of the piezoe- 
lectric field on the conduction band edge in the quantum * 
well. This cancellation can be understood as the result 
of the tilt of the conduction band edge due to the indium 
concentration gradient at least partially compensating 
for the tilt of the conduction band edge due to the pie- 
zoelectric fields. One can also understand the effect of < 
the indium concentration gradient on the tilt of the con- 
duction band edge as a partial cancellation of the pie- 
zoelectric field by an effective electric field, associated 
with the composition gradient and opposed to the pie- 
zoelectric field, experienced by an electron in the con- < 
duction band. 

[0020] The effect of the piezoelectric field on the con- 
duction band edge in a ln K G ai . X N quantum well can be 
substantially eliminated by an indium concentration gra- 
dient if the quantum well is sufficiently thin. The magni- 
tude of the piezoelectric field in a ln x Ga Vx N quantum 
well layer grown on a GaN layer (for an indium mole frac- 
tion x) is approximately 

E pz = (7 mega volts per centimeter) ° x 

(this estimate corresponds to a 7 mega volt per centim- 
eter piezoelectric field for an InN layer grown on GaN). 
The effective electric field experienced by an electron in 
the conduction band of an in^a^N quantum well of 
thickness L centimeters and associated with an indium 
concentration profile that grades in the direction of the 
wurtzite c-axis from a mole fraction x down to a mole 
fraction of x = 0 is 

E eff = (1 .05 volts/L) ° x. 

The latter estimate assumes a linear band gap depend- 
ence of inxGa^N on composition and that about 70% 
of the 1 .5 electron volt (eV) band gap difference be- 
tween InN and GaN occurs in the conduction band. 
Equating these electric fields provides a coarse esti- 
mate of the width of a linearly graded composition 
In Ga 1oc N quantum well layer for which the effect of the 
piezoelectric field on the conduction band edge is ap- 
proximately neutralized: L ~ 1 5 A. 
[0021 ] Figure 4 shows a schematic band structure of 
a portion of active region 24 including GaN barrier layers 
38 and 42 and a thin ln x Ga Vx N quantum well layer 40 
in an embodiment in which the mole fraction of indium 
in ln x Ga 1 X N quantum well layer 40 is graded linearly 



from a maximum value near its interface with barrier lay- 
er 38 to about zero near its interface with barrier layer 
42. The tilt of conduction band edge 48 in quantum well 
layer 42 has been substantially reduced compared to 
the tilt of conduction band edge 8 of prior art quantum 
well layer 4 in Figure 1 . 

[0022] The tilt of valence band edge 50 in thin quan- 
tum well layer 42, however, is similar to or slightly in- 
creased with respect to that in prior art quantum well 
o layer 4. The tilt of valence band edge 50 can be under- 
stood as the result of the tilt of the valence band edge 
50 due to the indium concentration gradient adding to 
the tilt of the valence band edge 50 due to the piezoe- 
lectric fields. One can also understand the effect of the 
'5 indium concentration gradient on valence band edge 50 
as a reinforcement of the piezoelectric field by an effec- 
tive electric field, associated with the composition gra- 
dient, experienced by an electron in the valence band. 
[0023] Advantageously, the separation of electrons 
20 and holes that occurs in prior art ln x Ga.,. x N quantum 
wells is substantially reduced in graded ln x Ga.,. x N quan- 
tum wells in accordance with the present invention. In 
particular, in the embodiment shown in Figure 4 both 
electrons and holes in quantum well layer 40 concen- 
25 trate near its interface with barrier layer 38. Hence, light 
emitting devices in accordance with the present inven- 
tion are more efficientthan prior art devices. In addition, 
the emission wavelength of a light emitting devices in 
accordance with the present invention does not sub- 
30 stantially blue shift as the carrier density in the quantum 
well layer is increased. 

[0024] A graded indium concentration which decreas- 
es through an I^Ga^N quantum well layer with dis- 
tance from the substrate may reduce the separation be- 

35 tween electrons and holes in ln x Ga 10c N even if the quan- 
tum well layer is thicker than about 15 A. For example, 
Figure 5A shows a conventionally simulated band struc- 
ture for a prior art active region including GaN barrier 
layers 2 and 6 and ln a4 Ga 0 6 N quantum well layer 4 un- 

40 der a forward bias of about 2.5 volts. Barrier layers 2 
and 6 are about 100 A thick. Quantum well layer 4 is 
about 40 A thick and has a spatially uniform indium con- 
centration. The conduction band edge 8 and the valence 
band edge 10 in quantum well layer 4 are tilted in the 

45 same manner as in Figure 1 . In contrast, Figure 5B 
shows a simulated band structure for active region 24 
(under a forward bias of about 2.5 volts) in which GaN 
barrier layers 38 and 42 are about 1 00 A thick, quantum 
well layer 40 is about 40 A thick, and the mole fraction 

so of indium in ln x Ga Vx N quantum well layer 40 grades lin- 
early from a mole fraction of about x = 0.4 near its inter- 
face with barrier layer 38 to a mole fraction of about x = 
0 near its interface with barrier layer 42. Conduction 
band edge 48 has been flattened, compared to conduc- 

55 tion band edge 8 in Figure 5A. As in the embodiment 
shown in Figure 4, both electrons and holes in quantum 
well layer 40 concentrate near its interface with barrier 
layer 38. Hence, this embodiment also achieves the ad- 
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vantages described above with respect to the embodi- 
ment shown in Figure 4. 

[0025] In another embodiment, the mole fraction of in- 
dium in one or more of quantum well layers 36, 40, and 
44 is graded to increase with distance from the sub- 5 
strate. For example, the mole fraction of indium in quan- 
tum well layer 40 may increase from a first value near 
the interface between quantum well layer 40 and barrier 
layer 38 to a second value near the interface between 
quantum well layer 40 and barrier layer 42. Advanta- 10 
geously, a graded indium concentration which increases 
through an ln x Ga 1 . x N quantum well in a direction sub- 
stantially parallel to the wurtzite crystal c-axis at least 
partially cancels the effect of the piezoelectric field on 
the valence band edge in the quantum well. This can- 15 
cellation can be understood similarly to the cancellation 
of the effect of the piezoelectric field on the conduction 
band edge described above. 

[0026] Figure 6 shows a schematic band structure of 
a portion of active region 24 including GaN barrier layers 20 
38 and 42 and a thin ln x Ga.,_ x N quantum well layer 40 
in an embodiment in which the mole fraction of indium 
in in x Ga.,_ x N quantum well layer 40 is graded linearly 
from a value of about zero near its interface with barrier 
layer 38 to a maximum value near its interface with bar- 25 
her layer 42. The tilt of valence band edge 50 in quantum 
well layer 42 has been substantially reduced compared 
to the tilt of valence band edge 1 0 of prior art quantum 
well layer 4 in Figure 1 . The tilt of the conduction band 
edge in this embodiment can be understood similarly to 30 
the tilt of the valence band edge in the embodiment 
shown in Figure 4. 

[0027] The separation of electrons and holes that oc- 
curs in prior art ln x Ga 10( N quantum wells is substantially 
reduced in this embodiment as well. In particular, in this 35 
embodiment both electrons and holes in quantum well 
layer 40 tend to concentrate near its interface with bar- 
rier layer 42. Hence, this embodiment also achieves the 
advantages described above with respect to the embod- 
iments shown in Figures 4 and 5B. 40 
[0028] The above embodiments demonstrate that it 
can be advantageous to grade the indium concentration 
in an ln x Ga 1-x N quantum well to either increase or de- 
crease in a direction substantially parallel to the wurtzite 
crystal c-axis. In active regions in which the offset of the *5 
conduction band edge in the quantum well and barrier 
layers is larger than the offset of the valence band edge, 
it is typically more advantageous to grade the indium 
concentration to decrease in the direction of the c-axis. 
In active regions in which the offset of the conduction so 
band edge in the quantum well and barrier layers is 
smaller than the offset of the valence band edge, it is 
typically more advantageous to grade the indium con- 
centration to increase in the direction of the c-axis. 
[0029] Although the mole fraction of indium in quan- ss 
turn well layer 40 is graded linearly in the embodiments 
shown in Figures 4, 5B, and 6, other functional forms for 
the position dependence of the indium mole fraction in 



one or more of the quantum well layers in active region 
24 may also be used. For example, the indium mole frac- 
tion may grade in an exponential, parabolic, or step-wise 
manner. Also, although the indium mole fraction de- 
creases or Increases monotonicaliy across a quantum 
well in the embodiments shown in Figures 4, 5B, and 6, 
the mole fraction of indium may instead have a global 
maximum and/or one or more local maxima at one or 
more intermediate positions in the quantum well. Typi- 
cally, the position dependence of the mole fraction of 
indium in an I^Ga^N quantum well in accordance with 
an embodiment of the present invention is asymmetric 
with respect to a plane parallel to the barrier layers and 
about centered in the quantum well. 
[0030] The mole fraction of indium in a graded 
ln x Ga|. x N quantum well in accordance with an embod- 
iment of the present invention may range, for example, 
from about x = 0.5 to about x = 0. The mole fraction of 
indium in such a graded quantum well may be greater 
than zero at both of the quantum well's interfaces with 
barrier layers. That is, the mole fraction of indium need 
not grade all the way down to x = 0. 
[0031 ] The tilt of the conduction band edge in the bar- 
rier layers of the active region of an KAlyGa^.yN light 
emitting device also adversely affects the performance 
of the device. Figure 7 shows a conventionally/simulated 
conduction band edge 52 for a portion of a prior art 
,n x A, y Ga i-x-y N l'9 ht emitting device including GaN layer 
54, GaN barrier layers 58, 62, and 66, and ln 0 4 Ga 06 N 
quantum well layers 56, 60, and 64 under a forward bias 
of about 2.5 volts. The tilt of conduction band edge 52 
in GaN layers 54, 58, 62, and 66 produces triangular 
potential barriers 68, 70, and 72. Electrons must be in- 
jected across these potential barriers, resulting in a dis- 
advantageous increase of the diode voltage. 
[0032] The tilt of the conduction band edge in the bar- 
rier layers may be reduced by grading the composition 
of one or more of the barrier layers. Referring to Figure 
8, for example, in one embodiment active region 24 of 
LED 16 (Figure 2) includes ln x2 Ga Vx2 N quantum well 
layers 74, 78, and 82, and In^Ga^N barrier layers 76, 
80, and 84, with quantum well layer 74 located closest 
to sapphire substrate layer 22 (Figure 2). The mole frac- 
tion x2 of indium in quantum well layers 74, 78, and 82 
is spatially uniform. The mole fraction x1 of indium in 
one or more of barrier layers 76, 80, and 84, however, 
grades with distance from substrate 22. The mole frac- 
tion of indium in a barrier layer may be graded, for ex- 
ample, to increase or to decrease with distance from 
substrate 22. The functional form for the position de- 
pendence of the indium mole fraction in a barrier layer 
may be, for example, linear, exponential, parabolic, or 
step-wise. The mole fraction of indium in a barrier layer 
may have a global maximum and/or one or more local 
maxima at one or more intermediate positions in the bar- 
rier layer. Typically, the position dependence of the mole 
fraction of indium in a barrier layer is asymmetric. 
[0033] One of ordinary skill in the art would expect that 
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introduction of indium into a Ill-Nitride barrier layer 
would adversely affect device performance by decreas- 
ing carrier confinement. The inventors have discovered, 
however, that grading the indium mole fraction in an 
ln x Ga i-x N barrler laver ls beneficial. For example, Fig- 
ure 9 shows conventionally simulated conduction band 
edge 48 for a portion of LED 16 including active region 
24, in accordance with this embodiment, under a for- 
ward bias of about 2.5 volts. In the implementation illus- 
trated in Figure 9, the composition of quantum well lay- 
ers 74, 78, and 82 is ln a4 Gao 6 N, and the mole fraction 
of indium in each of barrier layers 76, 80, and 84 grades 
from about x = 0 near one side of each barrier layer to 
about x = 0.16 near the other side of each barrier layer 
in the direction of the wurtzite c-axis (bottom to top in 
Figure 8). Advantageously, the height of the triangular 
potential barriers to electron injection into quantum well 
layers 74, 78, and 82 are substantially reduced com- 
pared to barriers 68, 70, and 72 of Figure 7. In other 
implementations, the mole fraction of indium in the 
quantum well layers may be greater than or less than 
x2 = 0.4 and the mole fraction of indium in the barrier 
layers may be greater than 0.16. 
[0034] In other embodiments, active region 24 in- 
cludes one or more graded composition quantum well 
layers and one or more graded composition barrier lay- 
ers. Also, in other embodiments the mole fraction of alu- 
minum in an In^lyGa^.yN quantum well layer or barrier 
layer is graded in a direction substantially perpendicular 
to the layers. In some embodiments, both the mole frac- 
tion of aluminum and the mole fraction of indium are 
graded. 

[0035] The various ln x Al y Ga.,_ x _ y N layers in a light 
emitting device in accordance with an embodiment of 
the present invention may be formed by, for example, 
metal-organic chemical vapor deposition (MOCVD) or 
molecular beam epitaxy (MBE). Graded composition 
quantum well and barrier layers may be formed, for ex- 
ample, by varying the flow rates of reagent gases during 
layer deposition. 

[0036] While the present invention is illustrated with 
particular embodiments, the invention is intended to in- 
clude all variations and modifications falling within the 
scope of the appended claims. Referring again to Figure 
2, for example, substrate 22 may be formed from mate- 
rials other than sapphire, such as SiC. Metallic layer 32 
may be semitransparent to light emitted by active region 
24. Alternatively, metallic layer 32 may be highly reflec- 
tive to light emitted by active region 24, and LED 1 6 may 
be mounted as aflip-chip with contacts 30 and 34 facing 
a submount. 

[0037] Graded composition active regions in accord- 
ance with the present invention may be formed in other 
ln x Al y Ga., N light emitting devices such as, for exam- 
ple, those described in U. S. Patent6, 133,589, assigned 
to the assignee of the present invention and incorporat- 
ed herein by reference in its entirety. Moreover, an 
ln v ALGa,. V _ U N light emitting device in accordance with 

x y i a y 



the present invention may have, in contrast to LED 16 
of Figure 2, a structure in which an n-type region overlies 
a p-type region, which overlies a substrate. The light 
emitting device may be a laser diode. 
[0038] Graded composition active regions in accord- 
ance with the present invention may also be formed in 
other material systems such as other ill-V material sys- 
tems and ll-Vl material systems. Such graded active re- 
gions can be particularly advantageous in piezoelectric 
material systems and in material systems having a 
spontaneous polarization. 



Claims 

1 . A light emitting device comprising: 

a first semiconductor layer of a first conductivity 
type having a first surface; 
an active region overlying the f irst semiconduc- 
tor layer, the active region including a second 
semiconductor layer, the second semiconduc- 
tor layer one of a quantum well layer and a bar- 
rier layer, the second semiconductor layer 
formed from a Ill-Nitride semiconductor alloy 
having a composition graded in a direction sub- 
stantially perpendicular to the first surface of 
the first semiconductor layer; and 
a third semiconductor layer of a second con- 
ductivity type overlying the active region. 

2. The light emitting device of Claim 0, wherein the 
second semiconductor layer has a wurtzite crystal 
structure. 

3. The light emitting device of Claim 0, wherein the 
composition of the Mi-Nitride semiconductor alloy is 
graded asymmetrically. 

4. The light emitting device of Claim 0, wherein the 
composition of the Ill-Nitride semiconductor alloy is 
graded to reduce an effect of a piezoelectric field in 
the active region. 

5. The light emitting device of Claim 0, wherein a mole 
fraction of the Ill-Nitride semiconductor alloy is 
graded linearly. 

6. The light emitting device of Claim 0, wherein the 
Ill-Nitride semiconductor alloy is In^^Ga-t^N with 
0<x<1,0<y<1,andx+y<1. 

7. The light emitting device of Claim 0, wherein the 
mole fraction of indium is graded. 

8. The light emitting device of Claim 0, wherein the 
mole fraction of aluminum is graded. 
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9. A method of forming a light emitting device, the 
method comprising: 

forming a first semiconductor layer of a first 
conductivity type and having a first surface; 
forming an active region over the first semicon- 
ductor layer, the active region including a sec- 
ond semiconductor layer, the second semicon- 
ductor layer one of a quantum well layer and a 
barrier layer, the second semiconductor layer 
formed from a Ill-Nitride semiconductor alloy 
having a composition graded in a direction sub- 
stantially perpendicular to the first surface of 
the substrate; and 

forming a third semiconductor layer of a second 
conductivity type over the active region. 

10. The method of Claim 0 ; further comprising forming 
the second semiconductor layer in a wurtzite crystal 
structure. 

11. The method of Claim 0, further comprising grading 
the composition of the Ill-Nitride semiconductor al- 
loy asymmetrically. 

12. The method of Claim 0, further comprising grading 
the composition of the Ill-Nitride semiconductor al- 
loy to reduce the effect of a piezoelectric field in the 
active region. 

13. The method of Claim 0, further comprising grading 
a mole fraction of the II l-Nitride semiconductor alloy 
linearly. 

14. The method of Claim 0, wherein the Ill-Nitride sem- 
iconductor alloy is In^lyGa^yN with 0 < x < 1 , 0 < 
y < 1 , and x +y < 1 . 

15. The method of Claim 0, further comprising grading 
the mole fraction of indium. 

16. The method of Claim 0, further comprising grading 
the mole fraction of aluminum. 

17. The method of Claim 0, wherein the active region 
is formed directly on the first semiconductor layer. 

18. A light emitting device comprising: 



conductor layer; and 

another semiconductor layer of a second con- 
ductivity type overlying the active region. 

19. The light emitting device of Claim 0, wherein the 
barrier layer has a wurtzite crystal structure. 
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21. 



The light emitting device of Claim 0, wherein the in- 
dium mole fraction of the Ill-Nitride semiconductor 
alloy is graded asymmetrically. 

The light emitting device of Claim 0, wherein the in- 
dium mole fraction of the Ill-Nitride semiconductor 
alloy is graded to reduce an effect of a piezoelectric 
field in the active region. 



a first semiconductor layer of a first conductivity 
type having a first surface; 
an active region overlying the first semiconduc- 
tor layer, the active region including a plurality 
of quantum well layers and at least one barrier 
layer, the barrier layer formed from a Ill-Nitride 
semiconductor alloy having an indium mole 
fraction graded in a direction substantially per- 
pendicular to the first surface of the first semi- 
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22. The light emitting device of Claim 0, wherein the in- 
dium mole fraction of the Ill-Nitride semiconductor 
alloy is graded linearly. 

23. The light emitting device of Claim 0, wherein the 
II l-Nitride semiconductor alloy is ln x AI Ga 1 x Nwith 
0< x <1,0<y<i )a ndx-hy<1. " Xy 

24. The light emitting device of Claim 0, wherein the ac- 
tive region includes a plurality of barrier layers each 
formed from a Ill-Nitride semiconductoralloy having 
an indium mole fraction graded in a direction sub- 
stantially perpendicular to the first surface of the first 
semiconductor layer. 

25. A method of forming a light emitting device, the 
method comprising: 

forming a first semiconductor layer of a first 
conductivity type having a first surface; 
forming an active region overlying the first sem- 
iconductor layer, the active region including a 
plurality of quantum well layers and at least one 
barrier layer, the barrier layer formed from a 
Ill-Nitride semiconductor alloy having an indi- 
um mole fraction graded in a direction substan- 
tially perpendicularto the first surface of the first 
semiconductor layer; and 
forming another semiconductor layer of a sec- 
ond conductivity type overlying the active re- 
gion. 

26. The method of Claim 0, further comprising forming 
the barrier layer in a wurtzite crystal structure. 

27. The method of Claim 0, further comprising grading 
the indium mole fraction of the Ill-Nitride semicon- 
ductor alloy asymmetrically. 

28. The method of Claim 0, further comprising grading 
the indium mole fraction of the Ill-Nitride semicon- 
ductor alloy to reduce an effect of a piezoelectric 
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field in the active region. 

29. The method of Claim 0, further comprising grading 
" the indium mole fraction of the Ill-Nitride semicon- 
ductor alloy linearly. 5 

30. The method of Claim 0, wherein the Ill-Nitride sem- 
iconductor alloy is ln x Al y Ga n . x _ y N with 0 < x < 1 , 0 < 

y < 1 , and x +y < 1. ^ 

31. The method of Claim 0, wherein the active region 
includes a plurality of barrier layers each formed 
from a Ill-Nitride semiconductor alloy having an in- 
dium mole fraction graded in a direction substantial- 
ly perpendicular to the first surface of the first sem- « 
iconductor layer. 
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